The effects of fine particle peening (FPP) on oxidation behavior of nickeltitanium shape memory alloy (NiTi alloy) were evaluated. After FPP treatment, oxidation process was performed at 300, 400 and 500°C for 30 min in N 2 20 vol%O 2 atmosphere. Surface microstructures of oxidized specimens pre-treated with FPP were characterized using scanning electron microscope (SEM), glow discharge optical emission spectroscopy (GD-OES), X-ray photoelectron spectroscopy (XPS) and X-ray diffraction analysis (XRD). Oxide layers formed on the specimens pre-treated with FPP were thinner than those on the un-peened ones. Amorphous titanium oxides (TiO and TiO 2 ) were formed on the un-peened specimens by oxidation process, whereas a nickel oxide (NiO) was created on the FPP-treated surface oxidized at temperature greater than 400°C as well as titanium oxides. This was because an amorphous structure created by FPP accelerated the outward growth of nickel oxide during the subsequent oxidation process. Moreover, the effects of surface oxide layers on the biocompatibility of NiTi alloy were investigated. Due to the formation of a thin oxide layer which contains nickel element, the oxidized specimen pre-treated with FPP showed higher amount of nickel ion elution than that of the oxidized one during the cell culture tests. These results suggest that microstructural feature of surface oxide layer strongly affects the biocompatibility of NiTi alloy.
Introduction
Nickeltitanium shape memory alloy (NiTi alloy) has been widely used in various fields of engineering due to its shape memorial effect and superelasticity. Mainly, NiTi alloy is expected to apply for biomedical components; however, nickel ions eluted from this material might cause cytotoxicity and allergy. Therefore, it is necessary to inhibit the nickel ion elution from material's surface in the in-vivo environment in order to apply NiTi alloy to biomedical implants.
In previous studies, 17) a surface modification was performed to suppress the ion elution and to improve corrosion resistance of NiTi alloy. Especially, a thermal oxidation process is effective to suppress the nickel ion elution from NiTi alloy's surface. 5, 6) During this process, oxygen element diffuses into the material and then a protective oxide layer could be formed on the material's surface, which results in improving the biocompatibility and corrosion resistance of NiTi alloy. 57) In this study, in order to modify the microstructure of surface oxide layers of NiTi alloy, fine particle peening (FPP) was introduced as a pre-processing step of an oxidation process. It is well known that the microstructure created by shot peening and blasting could accelerate the elemental diffusion into the material during subsequent heat treatment processes.
815) Especially, FPP treatment could create an amorphous layer on the NiTi alloy's surface, resulting in suppressing the nickel ion elution and improving corrosion resistance. 4) Since dislocations, grain boundaries and amorphous structure act as short-circuit diffusion channels, 16) FPP-treated surfaces of NiTi alloy have a higher capacity for elemental diffusion. Based on these reports, the diffusion of oxygen element into NiTi alloy is expected to be accelerated as a result of FPP, which results in the formation of a protective oxide layer.
The purposes of this study are to evaluate the oxidation behavior of NiTi alloy pre-treated with FPP, and to investigate its effects on the biocompatibility of NiTi alloy.
Experimental Procedure

Specimen preparation
The material used in this study was Ni49.2 at%Ti alloy. Bars, 13.5 mm in diameter, were machined into 3 mm-thick disks. These specimens were polished with emery paper (#320 to #1000), and were then mirror-finished using alumina powders (º0.3 µm).
Fine particle peening (FPP) was performed for the polished samples (the P series) under the conditions given in Table 1 . Table 2 and Fig. 1 show the chemical composition and the SEM micrograph of the shot particles used in this study, respectively. The shot particles (63 µm in diameter) were made from high-speed tool steel (M42 steel) with a Vickers hardness of 876 HV. After FPP treatment, the oxidation process was performed at 300, 400 and 500°C for 30 min in N 2 -20 vol%O 2 atmosphere (the F+O series). Figure 2 shows the condition of oxidation process. Figure 3 shows the flowchart illustrating the specimen preparations. In this study, 8 types of the specimens were prepared. Only FPP-treated specimen (the F series) and oxidized specimen (the O series) were also prepared.
Characterization of the surface-modified layer
The surface microstructure of the modified specimen was characterized using scanning electron microscope (SEM), glow discharge optical emission spectroscopy (GD-OES) and X-ray photoelectron spectroscopy (XPS). The crystal structures of the specimens were identified using X-ray diffraction (XRD) with Cu K¡ radiation (wavelength: 0.154 nm).
Evaluation of the biocompatibility of oxidized NiTi
alloy pre-treated with FPP In order to evaluate the biocompatibility of oxidized NiTi alloy, cell culture tests and electrochemical corrosion tests were performed. Figure 4 shows the cell culture system used in this study. Mouse fibroblast cell line L929 were cultured with Eagle's minimal essential medium (Eagle's MEM) containing fetal bovine serum (FBS), antibiotic (penicillin and streptomycin), and L-ascorbic acid-2-phosphate. L929 cells were seeded on the specimen's surface with an initial cell number of 1.0 © 10 4 cell/ml. The specimens were then incubated for 4 days at 37°C in a humidified atmosphere of 5% CO 2 . After the incubation, cell number was counted and the amount of nickel ion elution in the culture medium was measured using an atomic absorption photometer.
Electrochemical corrosion tests were performed using a three electrochemical cell connected to a computer driven potentiostat. A standard potentiodynamic test was conducted in the Ringer's solution at 37°C under a scan rate of 20 mV/min. Table 3 shows the chemical composition of the Ringer's solution. Reference electrode and counter electrode used in this study were saturated calmer electrode (SCE) and platinum (Pt), respectively. Before tests, oxygen in the Ringer's solution was removed using nitrogen gas.
Results and Discussions
Characterization of FPP-treated surface
In this section, the previous results 4) for the FPP-treated NiTi alloy are summarized. Figure 5 shows the SEM micrographs of the un-peened and FPP-treated surfaces. Micro dimples are evident on the FPP-treated surface ( Fig. 5(b) ). Figure 6 presents XRD patterns obtained for surface layers of the un-peened and FPP-treated specimens, respectively. In Fig. 6 (a), diffraction peaks of B2 and B19 phases were detected in the un-peened specimens (the P series), whereas diffraction peaks of the substrate were not detected in the FPP-treated specimens (the F series). Moreover, only a broad diffraction peak corresponding to the amorphous structure can be found without any sharp peaks in the F series ( Fig. 6(b) ). These results indicate that an amorphous structure is formed on the FPP-treated specimen. 4) 3.2 Evaluation of the biocompatibility of the oxidized NiTi alloy pre-treated with FPP In order to evaluate the biocompatibility of the oxidized NiTi alloy pre-treated with FPP, electrochemical corrosion tests and cell culture tests were performed. Figure 7 shows the anodic polarization curves. Figure 7(a) showed that the pitting potential of the F+O500 series (0.6 V) was higher than that of the F series (0.3 V). This result indicates that oxidation process after FPP improves the pitting corrosion resistance of NiTi alloy. However, in Fig. 7(b) , no rapid increase of current density was found on the P series even at 1 V. Moreover, the F+O500 series showed higher passive current density in comparison to the O500 series ( Fig. 7(b) ). These results indicate that surface morphology created by FPP might affect the electrochemical behavior of NiTi alloy. Figure 8 shows the amount of nickel ion elution in culture medium after cell culture tests. The O500 series showed lowest nickel ion elution due to the existence of the surface oxide layer. The amount of nickel ion elution was reduced by the surface modification process; a combination of FPP and oxidation, in comparison to the P series. However, the F+O500 series showed higher amount of nickel ion elution than that of the F series, nevertheless the F+O500 series represented superior pitting corrosion resistance in comparison to the F series, as shown in Fig. 7(a) . In order to clarify the reason for not remarkably suppressing the nickel ion elution from the F+O series, XRD analysis was carried out. Figure 9 shows XRD patterns obtained for the surface layers of (a) the un-peened and (b) FPP-treated specimens. In Fig. 9(a) , only XRD peaks of the substrate were detected in the P, O300, O400 and O500 series. On the other hand, in the case of the F+O400 and F+O500 series, diffraction peak of nickel oxide (NiO) was detected ( Fig. 9(b) ). This means that the FPP-treated and unpeened specimens have different microstructural features in their oxide layers, and that the oxidation behavior changes at the temperature greater than 400°C by FPP. Moreover, Fig. 9(b) showed that the diffraction peaks of the substrate were detected on the F+O series. This result indicates that amorphous structure created by FPP crystallizes during the subsequent oxidation process.
Consequently, the F+O500 series showed higher amount of nickel ion elution in comparison to the F and O500 series because of crystallizing the amorphous structure created by FPP and forming nickel oxide during the subsequent oxidation process.
Mechanism of forming surface oxide layer on the
FPP-treated surface In the previous section, it was clarified that electrochemical corrosion resistance and the amount of nickel ion elution were different between the O500 and F+O500 series, and that the oxidation behavior was changed at the temperature greater than 400°C by FPP. In order to clarify the effects of FPP on the subsequent oxidation behavior of NiTi alloy, the surface oxide layers were analyzed and the mechanism of forming surface oxide layer was disscued. Figure 10 shows the XPS results for Ti2p in the specimen's surface oxidized at 500°C (the O500 and F+O500 series), where the etching time on the vertical axis is related to the depth from the surface. Spectra of TiO 2 were detected on the surfaces of the both series. Moreover, the spectrum intensity of TiO 2 tended to decrease with increasing sputtering time, whereas those of TiO and Ti were increased. These results indicate that TiO layer is formed beneath TiO 2 layer. Based on the results of XRD and XPS analyses (Figs. 9 and 10), amorphous titanium oxides (TiO 2 and TiO) and a nickel oxide (NiO) were created on the surface of the F+O500 series. To examine the characteristics of the microstructure of the surface oxide layer in more detail, depth profiles of elements were analyzed for the oxidized specimens using GD-OES. Figures 11(a) and 11(b) represent depth profiles of oxygen and nickel elements for the specimens oxidized at 500°C, respectively. In this figure, the signal intensity on the vertical axis is proportional to the concentration of the elements. The concentration of oxygen in the F+O500 series was lower than that in the O500 series ( Fig. 11(a) ), whereas the concentration of nickel in the F+O500 series was higher than that in the O500 series (Fig. 11(b) ). Moreover, Fig. 11(b) indicated a thick Ni-free region on the un-peened specimen, while no Ni-free region was observed for the FPP-treated specimen. This result confirms that nickel element is present near the surface in the oxidized specimens pre-treated with FPP and corresponds to the XRD results indicating the presence of NiO, as shown in Fig. 9(b) . Armitage et al. 17) reported that oxidation of NiTi alloy was dominated by an outward growth of oxide at temperature greater than 400°C. On the basis of these results and report, the amorphous structure created by FPP accelerated the outward growth of nickel oxide during the subsequent oxidation process.
In addition, the thickness of oxide layer was measured on the basis of the oxygen profiles using GD-OES. Figure 12 shows the relationship between the sputtering time corresponding to the thickness of oxide layer, and the oxidation temperature. In every specimen, the thickness of the oxide layer tended to be increased with increasing the oxidation temperature; however, the oxidation rate was different between both series. Oxide layers formed on the FPP-treated specimens were thinner than that of the un-peened ones oxidized at temperature greater than 400°C. Once nickel oxide (NiO) was formed on the specimen's surface, this oxide layer prevents further elemental diffusion because of its high oxidation resistance, 18) resulting in the formation of a thin oxide layer on the F+O series. Figure 13 schematizes the mechanism of forming surface layer during oxidation process at temperature greater than 400°C, which is dominated by an outward growth of oxide. 17) The microstructure of the oxide layers depends on J Ni M : the nickel diffusion rate through the material, and J Ni O : the nickel diffusion rate through the oxide layer.
Since amorphous titanium oxides (TiO and TiO 2 ) without nickel element are formed on the O series ( Fig. 13(a) ), J Ni O is higher than J Ni M . In other words, the concentration of nickel is not sufficient for the formation of nickel oxide (NiO) near the surface, resulting in the formation of nickel-free region. In contrast, in the case of the F+O series ( Fig. 13(b) ), a nickel oxide layer is formed on the surface as well as titanium oxides. This is because J Ni M is increased due to the existence of the amorphous structure created by FPP and is higher than J Ni O although amorphous structure crystallizes during the oxidation process. Once nickel oxide (NiO) is formed near the material's surface, this oxide layer prevents further elemental diffusion so that the oxide layer remains relatively thin.
Consequently, the amorphous structure created by FPP changes the oxidation behavior of NiTi alloy. This result suggests that the characteristics of surface modified layer can be controlled using FPP as pre-processing step. However, in the case of the NiTi alloy, a thin oxide layer containing nickel element was formed on the FPP-treated surface, resulting in not remarkably improving the biocompatibility of NiTi alloy. The surface modification; a combination of FPP and heat treatments, improved oxidation resistance, wear resistance, corrosion resistance and fatigue properties of materials. 1214, 1921) When performing this hybrid surface modification, both of material's chemical composition and diffusion elements should be considered. 
Conclusion
In this study, the effects of fine particle peening (FPP) on oxidation behavior of nickeltitanium shape memory alloy (NiTi alloy) were evaluated. Moreover, the effects of surface oxide layers on the biocompatibility of NiTi alloy were investigated. The results are summarized as follows:
(1) FPP treatment changes the subsequent oxidation behavior of NiTi alloy at temperature greater than 400°C. This is because the amorphous structure created by FPP accelerates the outward growth of nickel oxide during the subsequent oxidation process. (2) Oxide layers formed on the FPP-treated NiTi alloys are thinner than that on the un-peened ones. This is because a nickel oxide (NiO) formed on the FPP-treated surface prevents further elemental diffusion during the oxidation process. (3) Surface modification process; a combination of FPP and oxidation process, enables of reducing the amount of nickel ion elution from NiTi alloy. However, the biocompatibility of NiTi alloy is not remarkably improved in comparison to the only oxidized and FPP-treated specimens due to the crystallization of the amorphous structure created by FPP and formation of a thin oxide layer containing nickel element. 
